Summary -Plesiotype specimens of the European dagger nematode, Xiphinema diversicaudatum, were collected in Saratov, Russia, and morphologically, morphometrically and molecularly characterised. PCR with specific primer was developed for rapid diagnostics of this species. Phylogenetic relationships of X. diversicaudatum with other Xiphinema species, as inferred from the analyses of the D2-D3 expansion segments of 28S rRNA, ITS rRNA and coxI mtDNA gene sequences, are also provided. The study revealed that the clade X. diversicaudatum, together with X. bakeri (North America) and X. chengi (Asia), is related to Xiphinema species from the Mediterranean region and likely originated from a common ancestor inhabiting this area. The phylogenetic reconstructions with coxI mtDNA were used to describe the pattern of present genetic diversity of X. diversicaudatum and infer its biogeographical history in Europe. Haplotype diversity of X. diversicaudatum populations from Central Europe was significantly higher than those from southeastern Europe, central, south-eastern and southern European Russia. It has been hypothesised that, during the Last Glacial Maximum, X. diversicaudatum populations probably persisted in refuge areas in the Carpathian mountains or the Alps, the species subsequently expanding from these areas and colonising other regions in Europe.
The European dagger nematode was described by Micoletzky (1927) as Dorylaimus (Longidorus) diversicaudatum based on a single female collected in the Volga river near Saratov, Russia, and two males and one juvenile collected in two locations, the first being from the Obva river and the second from the Vjatka river, both of which are tributaries of the Kama river. Since the first description of Xiphinema diversicaudatum (Micoletzky, 1927) Thorne, 1939 , morphometrics of adults from different populations have been reported by several authors (Brown & Topham, 1985; Roca & Bravo, 1997; Barsi & Lamberti, 2000) , including a redescription of the species made by Goodey et * Corresponding author, e-mail: subbotin@ucr.edu al. (1960) and Pitcher et al. (1974) . In 1974, M.R. Siddiqi designated a lectotype male and a paralectotype juvenile from the Micoletzky slide collection (Pitcher et al., 1974) and defined the type locality for this species as being the Obva river near its junction with the Kama river, the Perm Krai, Russia, which is nearly 990 km from the place where the X. diversicaudatum female used by Micoletzky for the original species description was found. In June 2012, numerous X. diversicaudatum females and males were found in the vicinity of Saratov city in the rhizosphere of ashleaf maple, Acer negundo L. These specimens might be considered as geographically closest to where the single female of X. diversicaudatum was collected by Micoletzky, and are referred to here as plesiotypes.
Xiphinema diversicaudatum is polyphagous and parasitises various woody and herbaceous plants. In several countries this nematode has a quarantine status as it may induce severe root galling on several plants and also vectors both Arabis mosaic virus and strawberry latent ringspot virus (Pitcher et al., 1974) . Xiphinema diversicaudatum is widely distributed in many European countries (Brown & Taylor, 1987; Anon., 2001) , the European part of Russia, including the North Caucasus region (Brown et al., 1990) , New Zealand (Sturhan et al., 1997) and South Africa (Heyns & Coomans, 1984) . Although X. diversicaudatum was reported in Canada (Mulvey, 1961) and several states of the USA (Pitcher et al., 1974) , Robbins & Brown (1991) suggested that this species was relatively rare in North America, probably having been imported with plant material from Europe, viz. roses, and was introduced into residential properties with plant material from infested nurseries. Also, it is likely that some of the earlier reports of this species in North America (Norton et al., 1984) , Asia (Bhatt, 1967; Acharya et al., 1988; Mulawarman, 2008; Talezari et al., 2010) and Africa (Morkini et al., 2014) refer to other indigenous species. Computer modelling using meteorological data associated with the recorded distribution of X. diversicaudatum in Europe, however, revealed that this species could become established in North America, some regions of South America, Australia and Asia (Boag et al., 1997) .
Mitochondrial DNA analysis has proved to be a powerful tool for assessing intraspecific genetic structure patterns and phylogeography in plant-parasitic nematodes. Recently, Gutiérrez-Gutiérrez et al. (2011) used mitochondrial DNA variation to study genetic structure and COI haplotype distribution for X. pachtaicum and X. index populations from grapevines across Spain and Italy, although this approach has never been explored for X. diversicaudatum.
Several authors have molecularly characterised various populations of X. diversicaudatum using ribosomal RNA genes (De Giorgi et al., 1994; Wang et al., 2003; He et al., 2005) and mtDNA genes (Kumari et al., 2010; Kumari & Di Cesare, 2013) . PCR-RFLP diagnostic profile (Lamberti et al., 1999) and PCR with species-specific primer were also developed for diagnostics of this species (Wang et al., 2003; Hübschen et al., 2004) . However, these methods have not been validated and tested with closely related species. Thus, re-evaluation of previously published molecular data and characterisation of the type population of X. diversicaudatum are topical.
The main goals of our study were to: i) provide morphological and molecular characterisation of X. diversicaudatum from Saratov suburb; ii) develop PCR with specific primer for rapid diagnostics of this species; and iii) study a phylogeographical structure of X. diversicaudatum across Europe using the coxI gene marker.
Materials and methods

NEMATODE POPULATIONS
The plesiotypes of X. diversicaudatum were collected in the area of northern suburb of the Saratov city, left bank of the Guselka river, right tributary of the Volga river, 1.5 km away from its junction. Coordinates of the sampling location are: 51°35.845 N 45°08.413 E. Several other populations of this species were collected in locations in the Moscow and Voronezh regions, the Adygeya, Stavropol and Krasnodar Territories of Russia, and in two locations in Bulgaria. Three populations of X. bakeri from two USA states, Washington and California, and an unidentified Xiphinema sp. from Azores, Portugal, were also included in this study (Table 1) . The nematodes were extracted from soil by a sieving and decanting method (Brown & Boag, 1988) followed by inspection in Petri dishes under a MBS-10 stereomicroscope.
MORPHOLOGICAL STUDY
Plesiotype specimens from the Saratov population were killed by gentle heat, fixed with 4% TAF solution by warming to 56°C and mounted in anhydrous glycerin for morphological examination. Specimens were measured and photographed with a Carl Zeiss polarising microscope Axio Imager Z2.
DNA EXTRACTION, PCR AND SEQUENCING DNA was extracted from single nematode individuals. Protocols of DNA extraction with proteinase K, PCR and sequencing were described by Tanha Maafi et al. (2003) . The primer sets for amplification of the nuclear ribosomal RNA (D2-D3 expansion segments of 28S rRNA, ITS rRNA) and mitochondrial (coxI mtDNA) genes are given in Table 2 . Two μl of the PCR product was run on a 1% TAE buffered agarose gel. PCR products were purified after amplification with QIAquick (Qiagen) gel extraction kit and used for direct sequencing. The newly obtained 
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Meadow plants Vol. 16(7), 2014 GTA CAT AAT GAA AAT GTG CCA C sequences were submitted to the GenBank database under accession numbers: KF292276-KF292306 as indicated in Table 1 and in the phylogenetic trees.
PCR WITH SPECIES-SPECIFIC PRIMER
A species-specific primer for X. diversicaudatum (Table 2) was designed using the sequence alignment of ITSrRNA gene. The PCR mixture was prepared as described by Tanha Maafi et al. (2003) . The PCR amplification profile consisted of 4 min at 94°C; 30 cycles of 1 min at 94°C, 45 s at 57°C and 45 s at 72°C, followed by a final step of 10 min at 72°C. Two μl of the PCR products were run on a 1.4% TAE buffered agarose gel, stained and photographed. Several X. diversicaudatum and X. bakeri samples were used to test the specificity of PCR with the newly designed species-specific primer.
PHYLOGENETIC ANALYSIS
The newly obtained sequences of the ITS1 rRNA, the D2-D3 of 28S rRNA and coxI genes were aligned using ClustalX 1.83 with default parameters with their corresponding published gene sequences (He et al., 2005; Robbins et al., 2009; Kumari et al., 2010; Gutiérrez-Gutiérrez et al., 2013) . Outgroup taxa for each dataset were chosen according to the results of previous published data. Sequence datasets were analysed with Bayesian inference (BI) using MrBayes 3.1.2 (Huelsenbeck & Ronquist, 2001 ) and with Maximum Likelihood using PAUP * 4b10 (Swofford, 2003) . The best fit model of DNA evolution was obtained using the program JModeltest v. 0.1.1 (Posada, 2008) with the Akaike Information Criterion. BI analysis for each gene was initiated with a random starting tree and was run with four chains for 1.0 × 10 6 generations. The Markov chains were sampled at intervals of 100 generations. Two runs were performed for each analysis. After discarding burn-in samples and evaluating convergence, the remaining samples were retained for further analysis. The topologies were used to generate a 50% majority rule consensus tree. Posterior probabilities (PP) are given on appropriate clades. In ML analysis the estimation of the support for each node was obtained by bootstrap analysis with 100 fast-step replicates.
All coxI sequences of X. diversicaudatum included in the present study were obtained from populations collected in four geographical regions: Central Europe (Czech Republic, Slovakia and Austria), south-eastern Europe (Bulgaria), central and south-eastern European parts of Russia (Moscow, Voronezh and Saratov regions) and the southern European part of Russia (Krasnodar and Stavropol Territories, Adygeya). The coxI sequence alignment was used to construct phylogenetic network estimation using statistical parsimony with the TSC software (Clement et al., 2000) .
Results
Xiphinema diversicaudatum (Micoletzky, 1927) Thorne, 1939 Saratov population, Russia ( Fig. 1) MEASUREMENTS See Table 3 .
DESCRIPTION
Female
Body C-shaped on heat fixation, with sharper curve in posterior part. Cuticle thickness at middle of body 
Male
Smaller than female. Under heat relaxation, body Cshaped, more strongly curved in posterior part. Lip region and pharynx similar to those in female. Nuclei of dorsal and ventrosublateral glands situated at 7.0-9.8% and 60.8-66.1% (n = 5) of distance from anterior end of bulb, respectively. Glandularium 115-142 μm long. Spicules dorsally convex, 7-10 μm wide at distal part, 14-16 μm wide at middle part. Ventromedian supplements 4-5 in a row, located at 75-100 μm apart from adcloacal pair (each 5-6 μm in diam., located 20-25 μm anterior to cloacal aperture). Tail conoid, dorsally convex, ventrally straight, ventral peg of variable length, seldom absent. Caudal pores present as 3-4 pairs.
Egg
Uterine eggs (n = 8, mostly two per uterus) measuring 193 ± 12 (178-213) × 43 ± 2 (40-48) μm.
VOUCHER MATERIAL
Slides were deposited at the Type Specimens Collection of the Helminthological Museum of the Center for Parasitology of IPEE RAS (Moscow) under the numbers 18/40-18/51, and at the State Collection of Phytopathogenic Microorganisms of All-Russian Institute for Phytopathology of the Russian Agricultural Academy (Bolshye Vyazemy, Moscow, Russia) under the numbers C1307T0-C1307T8.
MOLECULAR CHARACTERISATION, PHYLOGENY AND PHYLOGEOGRAPHY
D2-D3 of 28S rRNA gene
The alignment contained 38 sequences of Xiphinema species including two sequences of X. index selected as outgroup taxon and was 777 bp in length. Twelve sequences of X. diversicaudatum were included in the analysis. Intraspecific variation for X. diversicaudatum was 0-0.8% (0-6 bp), for X. bakeri 0-0.9% (0-7 bp), for X. baetica 0.1-0.8% (1-6 bp) and for X. coxi europaeum 0-0.9% (0-7 bp). Phylogenetic relationships of X. diversicaudatum with related species as inferred from BI is presented in Figure 2 . Xiphinema diversicaudatum clustered with X. bakeri and X. chengi with high support value (PP = 100). Xiphinema species under the number AY601624, previously identified as X. diversicaudatum, did not cluster with the Saratov and other X. diversicaudatum populations and was related to X. coxi europaeum. On this basis, we conclude that species with sequence under the number AY601624 was misidentified and belonged to X. coxi europaeum as proposed by Gutiérrez-Gutiérrez et al. (2013) .
ITS1 rRNA gene
The alignment contained 21 sequences of Xiphinema species including two X. index used as outgroup taxa and was 1367 bp in length. Intraspecific variation for X. diversicaudatum was 0.4-1.9% (4-18 bp), for X. bakeri 0-2.0% (0-19 bp), for X. bernardi 0.1-0.4% (1-4 bp) and for X. coxi europaeum 0.0-3.2% (0-29 bp). Phylogenetic relationships of X. diversicaudatum with related species as inferred from BI is presented in Figure 3 . Xiphinema diversicaudatum clustered with X. bakeri and X. chengi with high support value (PP = 100). Based on the results of sequencing and phylogenetic analysis we consider that sequence under the number AY430183 was misidentified and belonged to X. coxi europaeum as proposed by Gutiérrez-Gutiérrez et al. (2013) .
coxI of mtDNA gene
The alignment contained 29 sequences of X. diversicaudatum and two sequences of X. bakeri used as outgroup taxa and was 363 bp in length. Sequence chromatograms of X. bakeri obtained from individual nematodes showed multiply picks in several (three G/A and two T/C) positions indicating that heteroplasmy or the presence of a mixture of more than one type of mitochondrial DNA genome might occur in this species.
Intraspecific sequence variation for X. diversicaudatum was 0-3.1% (0-11 bp). Twenty-seven positions were variable. Fifteen coxI haplotypes were distinguished within X. diversicaudatum samples from four main sampling geographical areas (Table 4) . Five haplotypes (with maximal 3.1% sequence differences between these haplotypes) were found from Central Europe (Czech Republic, Slovakia, Austria); one (0%) haplotype from south-eastern Europe (Bulgaria), five haplotypes (0.83%) from central and south-eastern European Russia, and four haplotypes (0.55%) from southern European Russia. Phylogenetic relationships of X. diversicaudatum haplotypes as inferred from BI are presented in Figure 4A . Sequences of two Central European haplotypes occupied basal positions in the tree and the other three haplotypes from this region had sister relationships with either the southeastern Europe haplotype or the haplotypes from central and south-east European Russia. Statistical parsimony network showing the relationships between these haplotypes is given in Figure 4B . Distribution of coxI haplotypes across Europe is given in Figure 5 .
PCR WITH SPECIES-SPECIFIC PRIMER
A fragment of the ITS1 rRNA gene sequence alignment for Xiphinema species with marked position for the D24 primer, which was designed by Wang et al. (2003) and considered as the X. diversicaudatum specific primer, is given in Figure 6A . In silico analysis shows that the D24 primer sequence matched well with the corresponding sequence for X. bakeri. Thus, false positive results could be obtained if this primer is used in PCR with a sample containing X. bakeri. The position of the newly designed species-specific primer Xip_diver_ITS for X. diversicaudatum is presented in Figure 6B . Results of PCR with this new species-specific primer are given in Figure 7 . The combination of the universal primer TW81 with the species-specific primer yielded a single PCR product ca 864 bp long for all studied X. diversicaudatum. No amplicons were found in a sample with X. bakeri DNA or in a control without DNA.
Discussion
The measurements and morphology of the Saratov population of X. diversicaudatum obtained in the present study are within the ranges reported for X. diversicaudatum populations from Europe, South Africa, USA and New Zealand (Thorne, 1939; Goodey et al., 1960; Sturhan, 1963; Pitcher et al., 1974; Brown & Topham, 1984 , 1985 Heyns & Coomans, 1984; Liskova et al., 1993; Taylor et al., 1994; Roca & Bravo, 1997; Sturhan et al., 1997; Lamberti et al., 1999; Kumari, 2006) . The morphometric characters of the Saratov female specimens also conform well to the data published by Micoletzky (1923 Micoletzky ( , 1927 , except for odontostyle length, which was slightly shorter at 126 (114-132) vs 133 μm. The spicule length of specimens from the Saratov population was shorter comparing with that for the lectotype at 63 (58-68) vs 75 μm (Pitcher et al., 1974) . Although X. diver- 
The number of sites at which a particular haplotype occurs is also indicated. sicaudatum showed high intraspecific variations in many characters, the Saratov population seems to be morphometrically similar to three populations originating from the Balkan Peninsula, e.g., female odontostyle length 126 (114-132) μm from Saratov vs 124.9-131.1 (114-138) μm from Vojvodina, Montenegro and Serbia, male spicule length 63 (58-68) μm from Saratov vs 65.9 (63-67) μm from Vojvodina (Barsi & Lamberti, 2000) and 51-65 μm from Bulgaria (Pinus nigra L.) (Peneva & Choleva, 1992) . However, as Brown (1985) revealed, such morphometric variability may be natural variation resulting from X. diversicaudatum populations having adapted to survive in biotopes with different environmental conditions. Brown & Taylor (1987) , Brown et al. (1990) , Roca & Bravo (1997) and other authors reported X. diversicaudatum from most European countries. This species has been considered as one of widely geographical distributed Xiphinema species in Europe with findings from Norway to southern Spain and Italy. However, further studies showed that several identification of this species in southern Mediterranean regions and Portugal were incorrect or required confirmation (Roca & Bravo, 1997; Gutiérrez-Gutiérrez et al., 2011) . Xiphinema diversicaudatum is a temperate species and some reports (Brown & Taylor, 1987; Morkini et al., 2014) of this species in southern Mediterranean regions likely belong to other, morphologically similar, species. The improved PCR with speciesspecific primer X. diversicaudatum developed in our study will help to diagnose this species.
The results of our phylogeographical analysis allow us to show some patterns of distribution and dispersal of X. diversicaudatum in Europe and hypothesise a centre of origin for this species. The phylogeographical pattern of a species is a result of the combined influence of contemporary and historical processes. Several studies have documented that the present distribution patterns of temperate species of European animals and plants are largely determined by the extensive climatic changes during the Pleistocene. The climatic cycles, with glacial and interglacial periods, impact on the distribution and evolution of species. During the Last Glacial Maximum (LGM) (18 000-21 000 ya), large parts of north Europe were covered by ice sheets and the major mountain ranges of Europe had extensive ice caps. Between the main ice sheet and southern mountain blocks was a plain of permafrost, tundra and cold steppe, which extended eastwards across Russia to the Urals (Hewitt, 1999) . The majority of species persisted through the LGM in climatically suitable refuge areas. Almost all European species of Mediterranean origin had their refuges in at least one of the three major European peninsulas of the Mediterranean area (Iberia, Italy and the Balkans) because of their species richness and considerable level of endemism (Taberlet et al., 1998; Hewitt, 1999 Hewitt, , 2000 Schmitt, 2007) . It is interesting to note that the highest species richness for European Xiphinema species was also reported from the Iberian, Italian and Balkan Peninsulas (Topham & Alphey, 1985; Brown & Taylor, 1987) .
The analysis of phylogenetic relationships of X. diversicaudatum with other species using the D2-D3 of 28S rRNA and gene ITS1 rRNA, as presented by Gutiérrez-Gutiérrez et al. (2013) and our study, revealed that the X. diversicaudatum clade, together with X. bakeri (North America) and X. chengi (Asia), related to Xiphinema species (X. abrantinum, X. baetica and others) from the Mediterranean region and likely originated from a common ancestor inhabiting this region. We hypothesise that X. diversicaudatum most likely survived in Central Europe during the last glacial period. Based on palaeoecological evidence, it has been recently concluded that there was no forestless landscape in Central Europe during the last glacial as had previously been thought. Some trees and other plant and animal species survived in microenvironmentally favourable areas adjoining the watershed of the high mountain systems in Central Europe, like the Alps and Carpathian mountains (Willis & Van Andel, 2004; Schmitt, 2007) .
Phylogeographical signatures of refuge areas include high level of genetic diversity and the presence of endemic haplotypes. Our analysis showed a high level of mtDNA variation and unique genotypes in the Czech Republic. According to this scenario, the higher genetic diversity of the Czech Republic populations of X. diversicaudatum is explained by longer persistence in the refuge areas in Central Europe, probably, in the Carpathians or the Alps, whereas the homogeneity of other populations is probably a result of the loss of genetic variation resulting from rapid expansion and colonisation to Eastern Europe and other territories. However, we are aware that only a limited dataset with mtDNA sequences have been used in the present study and additional sampling, especially in northern Italy and northern Spain, is needed to make a more comprehensive analysis and either to confirm this or to test alternative hypotheses. 
